It was found that D-stereoisomers of natural amino acids inhibit the growth of Saccharomyces cerevisiae cells. Kinetic and genetic evidence showed that D-amino acids enter the cell by the general amino acid permease. Two classes of S. cerevisiae mutants resistant to D-amino acids were isolated. One class of mutants appeared to be defective in the general amino acid permease specified by the gene gap. In the second class, the activity of general amino acid permease was affected by ammonium ions. Mutants of the second class were isolated in a yeast strain with the general amino acid permease insensitive to the presence of ammonium ions in culture media. The mutation affecting the permease, amc, occurred in a locus unlinked to gap.
It was found that D-stereoisomers of natural amino acids inhibit the growth of Saccharomyces cerevisiae cells. Kinetic and genetic evidence showed that D-amino acids enter the cell by the general amino acid permease. Two classes of S. cerevisiae mutants resistant to D-amino acids were isolated. One class of mutants appeared to be defective in the general amino acid permease specified by the gene gap. In the second class, the activity of general amino acid permease was affected by ammonium ions. Mutants of the second class were isolated in a yeast strain with the general amino acid permease insensitive to the presence of ammonium ions in culture media. The mutation affecting the permease, amc, occurred in a locus unlinked to gap.
A number of specific amino acid permeases have been found in the yeast Saccharomyces cerevisiae (3, 4, 5, 9) . Also, the transport system common to most of the L-amino acids has been described (8, 10, 20, 21) . The existence of at least two transport systems for some amino acids made the isolation of permeaseless mutants difficult.
In this paper, the active transport of Dstereoisomers of natural amino acids by S. cerevisiae cells is described. D-Amino acids enter the cell by a single transport system shared with L-amino acids. D-Amino acids accumulated within yeast cells are toxic and stop the growth of S. cerevisiae. The elimination of D-amino acid transport prevents the inhibitory effect of these compounds, making it possible to isolate resistant mutants. The mutants obtained were affected in the general amino acid permease; therefore it was possible by a single mutation to eliminate one of the amino acid transport systems.
Since very little is known about the regulation of amino acid uptake in yeast (2, 3, 6, 7, 8) , the use of D-amino acids as genetic and biochemical probes should be a useful approach to this problem.
MATERIALS AND METHODS
Organism. All strains used were haploid-heterothalic strains of S. cerevisiae. They are presented in Table 1 .
Media and culture methods. The complete medium YPD contained 1% yeast extract (Difco), 2% peptone (Difco), and 2% glucose. The minimal salt medium Am was prepared as described by Lacroute 56: (13) . Pm medium was identical with Am medium except that ammonium sulfate was replaced by L-proline (0.5 mg/ml) as nitrogen source. Media for petri plates contained 2% agar (Difco). Cells were grown aerobically at 30 C in a rotatory shaker. The growth was followed by measuring the absorbancy at 750 nm.
Cell density was estimated from a dry weight-turbidity curve previously calibrated with yeast cell suspensions.
Genetic analysis. The methods described by Hawthorne and Mortimer (11) In yeast, D-amino acids are converted to N-acetyl D-amino acids (22) . Preliminary experiments suggested that the accumulation of Nacetyl D-amino acids inside the cell prevented further uptake of D-amino acids.
The growth inhibitory effect of D-amino acids could not be relieved by washing the cells. When cells were preloaded for 2 h with 10 mM D-histidine, washed, and then used for inoculating fresh medium without any D-amino acid supplement, growth did not appear immediately, but only after a 6-to 10-h lag (Fig. 3) .
Supplementing media with an L-amino acid at the concentrations of 0.1 to 0.2 mM prevented the growth inhibitory effect of any of the D-amino acids tested. No structural relationship was observed. For example, inhibition by 0.5 mM D-methionine could be prevented by 0.1 mM L-histidine, L-serine, L-alanine, or L-tyrosine. These effects were obserx ed also on (8) . Therefore, a study on specificity of D-amino acid transport was undertaken.
In preliminary experiments it was observed that uptake of labeled D-amino acids was slow and therefore growing cultures were used for rate determination. Table 2 demonstrate that all D-amino acids tested decreased the uptake of D-serine and D-tyrosine. The strongest inhibition, 80%o, was observed with D-histidine. DArginine was the poorest inhibitor (20% inhibition of D-serine uptake and 12% inhibition of D-tyrosine uptake). The difference in the degree of inhibition probably reflects differences in the affinity of the transport system for individual D-amino acids.
In the experiments shown in Table 3 , the effect of L-amino acids on uptake of D-serine by yeast cells was studied. All five structurally unrelated L-amino acids (L-arginine, L-citrulline, L-histidine, L-leucine, and L-serine) present at 10-fold higher concentration than that of D-serine inhibited its uptake by more than 80%. This result indicates that L-amino acids interfere with the uptake of a D-amino acid more efficiently than do D-amino acids (compare Table 2 and 3) .
Since wild-type strains S288C and Z1278b differ in their sensitivity to D-amino acids depending on the nitrogen source, the effect of their growth in the presence of either ammonium sulfate or L-proline on the uptake of D-serine was examined. Results of this experiment are shown in Table 4 . Cells of either strain had essentially the same initial rate of D-serine uptake when grown on L-proline as the sole nitrogen source. On ammonium sulfate, the strain S288C had the same uptake rate. Cells of the other strain, :1278b, grown in Am medium, transported D-serine at a rate reduced by more than 100-fold as compared with cells of the same strain using L-proline as nitrogen source. This result explains the observed D-amino acid resistance of :1278b in Am medium: 99% reduction of D-amino acid uptake can fully account for its conditional resistance.
Transinhibition of D-amino acid uptake. The inhibition of amino acid transport by intracellular amino acid pools was demonstrated for several transport systems and is known as transinhibition (1, 3, 12, 14, 15, 16) . Table 5 Table 2. son was also resistant to all of these D-amino acids, both on Am and Pm medium.
As it is shown in Table 7 , the mutants showed a reduced rate of D-histidine and D-serine uptake. The mutants had only 1 to 10% of the wild-type activity. Also, the uptake of L-citrulline was reduced to the same level as that of D-amino acid uptake. Since L-citrulline is transported by the general amino acid permease and the uptake of this amino acid is significantly decreased in gap mutants (8) Complementation tests were used to analyze these mutants. In crosses with D-amino acid- Mutants of the second class were resistant to D-amino acids on Am medium but remained sensitive on Pm medium. They behaved in the same way as the strain 21278b. The mutant JR211 was obtained by ethylmethanesulfonate mutagenesis of strain J36U and selection for the D-amino acid resistance on Am plates containing uracil and 10 mM D-histidine. Mutant JR211, similar to strain 2:1278b, showed the conditional resistance to D-amino acids, i.e., it was resistant only when grown in the presence of ammonium ions. As shown in Table 4 , strains M1278b and JR211 grown on ammonium sulfate as nitrogen source had lower initial rates of D-serine uptake than did cells grown on L-proline.
The genetic analysis of strains JR211 and 1278b was carried out to find if these two mutants are allelic. The two strains were crossed to D-amino acid-sensitive strains XT3003A and J36U, respectively. As shown in Table 9 , in both cases the diploid strains were resistant to D-amino acids on Am medium and sensitive on Pm medium. This meant that resistance to D-amino acids in the presence of ammonium ions was dominant over the sensitivity.
Tetrad analysis of some of the crosses presented in Table 9 was carried out. The spore colonies were tested for mating type, nutritional requirements, and their ability to grow on Am and Pm media supplemented with 10 mM D-histidine.
In the crosses 2M1278b x J36U and JR211 x XT3003A, the alleles producing the phenotype of D-amino acid resistance on Am medium showed 2:2 segregation. All spores resulting from dissection of 10 asci of the cross 2:1278b x JR211 were resistant to D-amino acids on Am and sensitive on Pm medium. Mating type and nutritional requirements in all tetrads showed 2:2 segregation. The above result indicated that strains Z1278b and JR211 were allelic for Damino acid resistance on Am medium.
In the previous section it was shown that D-amino acid resistance on both Am and Pm medium was caused by mutation in general amino acid permease locus gap. To find out if the mutation affecting the activity of general amino acid permease only in the presence of ammonium ions is in the gap locus too, the tetrad analysis of the diploid resulting from a cross between strains JR101 and JR211 was done. Eight tetrads were examined and the analyses of these tetrads (see Table 11 ) show that these two mutations segregate independently.
The gene designation amc+ is given to strains like Z1278b and JR211 which are resistant to D-amino acids on Am but not on Pm plates. Correspondingly, strains 'that are sensitive to D-amino acids on Am plates, e.g., XT3003A, carry amc-alleles.
The double mutant amc+ gap was constructed from the cross JR101 x JR211 (ade2-1 amc-gap x a ura amc+. Growth tests of haploids (Table 10) did not permit differentiation between gap amc+ and gap amc-mutations. As shown in Table 9 , the analysis of growth of diploids, resulting from crosses with the amc+ and amc-on both Am plus D-histidine and Pm plus D-histidine, permitted the distinction between these two genotypes. As is clear from data presented in Table 9 , the mutant 2512c (derived from Z1278b [8] ) in the cross with strains XT3003A and JR101 behaved like mutant JR212 amc+ gap. Results of tetrad analysis of the above crosses are shown in Table  11 . The presence of all three classes of tetrads, parental ditype (PD), nonparental ditype (NPD), and tetratype (TT) in the ratio close to PD:NPD:TT 1:1:4, indicates that two mutations amc and gap are affecting different and nonlinked genetic loci. Studies on D-amino acid uptake indicate that they enter the cell by a single transport system. The differences in the degree of inhibition uptake of D-amino acids by D-serine and D-tyrosine and of the differences in Km values determined for the uptake of D-histidine and D-serine possibly resulted from differences in the affinity of particular D-amino acids for the transport system. The notion that all D-amino acids tested are transported by the same transport system was further substantiated by the fact that mutants isolated as resistant to one Damino acid were resistant to all of them.
The decreased uptake of D-amino acids observed in the presence of L-amino acids suggested that D-amino acids are transported into yeast cells by a system common for both stereoisomers. Data presented by Grenson et al. (8) suggested that D-methionine and D-alanine might be transported by the general amino acid permease. The fact that L-citrulline, the amino acid transported essentially only by the general amino acid perinease (8) , strongly inhibited the uptake of D-serine was an indication that this permease can be a transport system for D-amino acids. In fact, the genetic analysis of mutants resistant to D-amino acids on L-proline as a nitrogen source proved that they are allelic to the gap mutant of Grenson et al. (8) .
The experiments presented demonstrate that a D-amino acid once concentrated within the cells inhibits a further uptake of gap substrates. The cells preloaded with D-histidine showed decreased uptake not only of D-histidine but also of D-serine; D-methionine preloaded cells showed a decrease of D-tyrosine uptake. The preloading with D-amino acids of yeast cells diminished the uptake also of L-amino acids. The reverse situation was observed as well. Previous exposure to L-amino acid reduced D-amino acid uptake. This kind of regulation of the activity of amino acid transport systems by the amino acid accumulated inside the cell has been described for numerous amino acid permeases (1, 3, 12, 14, 15, 16) and is known as transinhibition. It was reported by Crabeel and Grenson (3) that in S. cerevisiae the uptake of L-histidine is regulated by L-histidine accumulated within the cells. Data presented in this paper suggest that in yeast the uptake of other amino acids, not only of L-histiditie, is regulated by transinhibition. Since the D-amino acids and most of L-amino acids are substrates of the general amino acid permease, one can conclude that its activity is regulated by transinhibition.
Grenson et al. (8) reported that the activity of the general amino acid permease in S. cerevisiae is inhibited by ammonium ions. A comparison of two strains, S288C and 21278b, showed that they differed in their sensitivity to D-amino acids depending on nitrogen source in growth medium. Both strains were sensitive to D-amino acids (to the same extent) when grown on L-proline as a nitrogen source, whereas in medium containing ammonium ions only strain S288C was sensitive. The resistance of strain 21278b to D-amino acids on Am medium was caused by almost complete elimination of Damino acid uptake. Since the D-amino acids are transported by the general amino acid permease system, the observed difference between the two strains S288C and 21278b is a result of different sensitivity of the same permease to ammonium ions. From the D-amino acid-sensitive strain J36U, a mutant JR211 was obtained which behaved identically to 21278b in the sense that it was sensitive to the D-amino acids on Pm but not on Am medium. JR211 had reduced uptake of D-amino acids in the presence of ammonium ions ( Table 4) .
The inhibitory effect of ammonium ions on a proline permease was observed in S. chevalieri (18) and S. cerevisiae (8) The fact that sensitivity of the general amino acid permease to ammonium ions is dependent on the presence of the amc+ gene suggests that the amc product in combination with ammonium ions is responsible for production of some ammonium metabolite, which affects the general amino acid permease.
